Abstract: Tissue engineering is aimed at the fabrication of autologous cardiovascular implants, for example, heart valves or vascular grafts. To date, the mechanical characterization of tissue-engineered vascular grafts (TEVGs) has focused mainly on the material's strength and not on the deformation behavior. A total of 31 samples obtained from 3 mature grafts (out of the cells of a single donor) were tested in uniaxial stress and uniaxial strain configurations to characterize their stiffness under uniaxial and biaxial stress states, respectively. Corresponding measurements were carried out on samples of an ovine artery. A physiological stiffness parameter was defined for data analysis and the uniaxial and multiaxial response compared, also in terms of anisotropy. The tension-strain curve of uniaxial stress tests is highly nonlinear, whereas the results show a more gradual deformation response of the material under a uniaxial strain configuration, which better represents the physiological state of biaxial stress. Stiffness parameters and anisotropy factors are significantly influenced by the selection of the testing configuration. Tangent stiffness of a TEVG at physiological loading conditions is significantly (p<0.05) higher for uniaxial stress as compared to uniaxial strain. The same is observed for the ovine tissue. The anisotropy of the scaffold is shown to partially transfer to the mature TEVG. The results of this study show that for a TEVG characterization, a physiological biaxial testing configuration should be preferred to the commonly used uniaxial stress. Tissue engineering is aimed at the fabrication of autologous cardiovascular implants, for example, heart valves or vascular grafts. To date, the mechanical characterization of tissue-engineered vascular grafts (TEVGs) has focused mainly on the material's strength and not on the deformation behavior. A total of 31 samples obtained from 3 mature grafts (out of the cells of a single donor) were tested in uniaxial stress and uniaxial strain configurations to characterize their stiffness under uniaxial and biaxial stress states, respectively. Corresponding measurements were carried out on samples of an ovine artery. A physiological stiffness parameter was defined for data analysis and the uniaxial and multiaxial response compared, also in terms of anisotropy. The tensionstrain curve of uniaxial stress tests is highly nonlinear, whereas the results show a more gradual deformation response of the material under a uniaxial strain configuration, which better represents the physiological state of biaxial stress. Stiffness parameters and anisotropy factors are significantly influenced by the selection of the testing configuration. Tangent stiffness of a TEVG at physiological loading conditions is significantly ( p < 0.05) higher for uniaxial stress as compared to uniaxial strain. The same is observed for the ovine tissue. The anisotropy of the scaffold is shown to partially transfer to the mature TEVG. The results of this study show that for a TEVG characterization, a physiological biaxial testing configuration should be preferred to the commonly used uniaxial stress.
Introduction

M
any strategies have been applied in recent years to overcome the lack of viable autologous replacement materials for the repair of congenital cardiovascular malformations, as the currently used prostheses are associated with adverse side-effects. Tissue engineering may have the potential to overcome disadvantages, such as life-long anticoagulation therapy, increased risks for reoperation, and thromboembolism. [1] [2] [3] [4] The scientific effort of the last two decades has resulted in a fast development of tissueengineered vascular grafts (TEVGs), leading to clinical trials in humans with a positive long-term outcomes. 5 To optimize the compatibility of TEVGs after implantation, different scaffold materials [6] [7] [8] and various cell sources [9] [10] [11] [12] have been investigated and are the focus of prospective developments.
The importance of mechanical stimulation on the tissue development during the production of TEVGs is recognized. 11, [13] [14] [15] Also, problems related to compliance mismatch between engineered and native tissues are well-known in artificial prostheses. 16 Nevertheless, the assessment of the deformation behavior of these grafts is often rudimentary, no standard protocols exist, nor criteria for data analysis. More work was done to determine the strength of the tissueengineered vessels and many researchers analyzed the rupture behavior of the grafts under internal pressure. Similar attention should also be given to the deformation behavior, which determines the performance and mechanical biocompatibility of TEVGs. In Table 1 , the mechanical properties of TEVGs based on the polyglycolic acid (PGA) nonwoven mesh are reported. The scaffold material has to be considered when comparing TEVGs, because its structure influences the mechanical response of the mature graft. As can be seen, little information is given on the nonlinear tensile response, and the data comes short of determining the multiaxial, anisotropic deformation behavior of TEVGs. Available information is limited to uniaxial stress tensile tests, prevalently in the longitudinal direction, and to inflation to burst tests. A description of the deformation behavior of TEVGs in the physiological loading range-both in circumferential and longitudinal directions-is needed to compare their mechanical characteristics with those of the tissue they are intended to substitute. Substantial progress has been achieved in recent years for the experimental characterization of the multiaxial response of soft biological tissues. 17, 18 However, a planar biaxial testing set-up is expensive and not available in most laboratories. Another limitation of this configuration is related to the boundary conditions, which are difficult to control, in particular, for small samples. [19] [20] In the present work, we investigate the mechanical properties of a human TEVG and of a native ovine tissue under uniaxial and biaxial stress states. The latter is achieved using the so called pure shear or uniaxial strain configuration. 21 The uniaxial strain test is easy to perform and induces a biaxial state of stress in the tissue, which more closely represents the physiological conditions of TEVG loading. The experiments were carried out using an experimental set-up similar to the one proposed by Hollenstein et al. 22 Tissueengineered material had not been characterized under the uniaxial strain configuration before. Herein, a physiologically relevant method is proposed to evaluate the stiffness and the anisotropy of these tissues.
Material and Methods
Tissue-engineered vascular graft
Cell isolation, expansion, and seeding have been done as previously described by Hoerstrup et al. 2, 4 All procedures were conducted after informed consent of the donor, according to institutional guidelines of the University Hospital Zurich and the ethics committee of the Kanton Zurich, Switzerland (Permission Nr. 21/2006) . Bioabsorbable scaffolds were fabricated from nonwoven polyglycolic-acid mesh (PGA, thickness 1.0 mm, specific gravity 70-90 mg/cm 3 , Cellon SA) coated with poly-4-hydroxybutyrate (P4HB, molecular weight 1 · 10 6 , PHA 4400, Tepha Inc.). Based on biopsies of human peripheral blood vessels, endothelial cells (ECs) were obtained using a collagenase-instillation technique. Following isolation, they were cultured in tissue culture flasks (NuncÔ) with an endothelial basal medium (EBM-2) supplemented with 10% FBS (GIBCO). To obtain myofibroblasts (MFs), the remaining de-endothelialized vessel segments were minced and cultured in the Dulbecco's modified Eagle's Medium (DMEM; GIBCO) supplemented with 10% FBS and 2 mM glutaMAX (GIBCO). After MFs migration onto the dishes (after 5-7 days), cells were serially passaged and expanded in a humidified incubator at 37°C and 5% CO 2 . Sufficient cell numbers for cell seeding were obtained in pure culture after 10-14 days.
MFs (4.5-5.5 · 10 6 /cm 2 ) were sequentially seeded onto the vascular scaffolds, followed by EC seeding (1 · 10 6 /cm 2 ) phenotypically confirmed by the von Willebrand Factor (vWF) presence. Thereafter, the constructs were transferred into a pulse duplicator system 2 and grown under gradually increasing nutrient medium flow conditions (50-550 mL/ min, 1 Hz) for 14 days. Media were changed every 3-4 days. A total of 31 samples were gained from 3 mature grafts (ca. 10 samples from each graft) out of the same patient's cells. The TEVG samples had a thickness of approximately 1.5 mm. Scaffold samples were prepared using PGA meshes with P4HB coating.
Ovine tissue
The sheep is an established animal model in cardiovascular surgery, because blood pressure is representative for the human system, the dimensions of the arteries are comparable (but typically larger in humans) and normal tissue is available. Moreover, the implants are exposed to higher calcification than in a human body defining this environment as the worst case. In the past, TEVGs (developed with ovine cells) have been successfully implanted in an ovine pulmonary artery 4 and in the future, these grafts might be used as aortic implants.
The native ovine tissue samples were collected from six proximal descending thoracic aortas (sample thickness *2.5 mm) and three pulmonary arteries (sample thickness *3 mm) obtained directly from the slaughterhouse. The material was held in a physiological saline solution and tested within 48 h. Vessels were cut in the axial direction and opened up to generate longitudinal and circumferential samples. Regions near to bifurcations with smaller arteries were excluded from the testing material.
Testing protocol
Small sample dimensions were chosen to cover all the experimental configurations (uniaxial stress and uniaxial strain) and directions (circumferential and longitudinal). The samples were collected in the circumferential and in the longitudinal direction to assess the material's anisotropy. Samples for uniaxial stress tests (Fig. 1a) were cut with a special tool composed of razor blades separated by 2-mm spacers. Samples for uniaxial strain tests (Fig. 1b) were cut with a surgical scalpel.
The number of samples tested for the relevant materials in each configuration is reported in Figure 1 . Note that the area of the cut samples (including the clamped part) changes substantially between the addressed configurations. Since the same amount of the TEVG tissue was used for each testing configuration, the number of obtained samples is lower for uniaxial strain (n = 6) compared to uniaxial stress (n = 25). Figure 1 displays the fundamental differences of uniaxial stress (on top) and of uniaxial strain (below) configurations. The uniaxial stress configuration does not constrain the lateral contraction of the material, generating a multiaxial deformation. The resulting stress state is uniaxial, that is, stress vectors in the material are oriented in the direction of elongation. On the contrary, the uniaxial strain configuration has a large clamping width, which constrains the lateral contraction and induces a transversal stress. Therefore, this configuration generates in the plane of the membrane a state of uniaxial deformation and biaxial stress. Since TEVGs and arteries are subjected to blood pressure-induced stress in circumferential as well as longitudinal directions, the uniaxial strain test better represents physiological loading conditions.
Tissue-engineered and native materials were tested with a custom-made tensile machine controlled with LabView (National Instruments). The testing set-up includes a linear horizontal motor (PI M-505 4PD; Physik Instrumente GmbH) and a 10 N load cell (KAW-S, AST Mess-und Regelungstechnik). A video extensometer with a telecentric objective is placed on top of the experimental set-up and records images with a frequency of 1 Hz. During experiments, force and displacement were sampled at 17 Hz. To produce comparable results, the same sample geometry and testing protocol were used for scaffold, tissue-engineered, and ovine native material. The protocol consists of 10 cycles preconditioning at 10% of nominal strain and successively of one ramp until 50% nominal strain for TE material or until 200% nominal strain for native tissue. For the latter, a larger amount of nominal strain had to be applied to achieve the required tension range. All samples were tested with a constant strain rate of 1%/s. The duration of each experiment never exceeded 10 min, so that significant dehydration of the samples can be excluded.
Analysis of the experimental data
The aim of mechanical characterization was to determine the structural properties of TEVGs as membranes, rather than the material properties. Thus, the deformation response is reported as nominal tension over nominal strain. The nominal tension is defined as force over the sample width. The nominal strain corresponds to the difference between the current and the initial length divided by the latter. The choice of considering values of tension instead of stress was primarily given by the fact that TEVGs are to be evaluated and compared with the native tissue in terms of their structural response, rather than the local material response. The width of each specimen was calculated out of the image of the clamped sample in the initial configuration.
The definition of one scalar stiffness parameter, such as Young's modulus for linear elastic materials, is difficult for biological tissues, due to their pronounced nonlinearity. Instead of characterizing the initial and final slope of the J-shaped tension-elongation curve, we chose a tangent modulus TM at the physiological load. This scalar parameter describes the deformation response of the material near to its relevant loading state. For this purpose, an estimation of the physiological tension in the aorta and in the pulmonary artery was carried out under the assumption of a thin-walled vessel. The physiological tension was estimated in circumferential T circ and in longitudinal T long direction as:
where p is the internal mean blood pressure, R is the vessel's radius and A is equal to 1 for T circ or 0.5 for T long . However, to assess the anisotropy of the tissues, the stiffness parameter needs to be evaluated at the same tension value for both directions. Therefore, a T physio was defined as the mean of T circ and T long . Average p and R values for ovine arteries were used in this calculation, since the ovine tissue was selected for comparison in this study. Corresponding values for human arteries are slightly higher, due to larger vessel diameters. Tension values of 100 and 19 mN/mm were obtained as T physio for the ovine aorta and ovine pulmonary artery, respectively. As shown in Figure 2d , a region of the tension-strain curve centered at the selected tension level is linearized and the corresponding slope determined, leading to the tangent modulus TM. Statistical analysis to assess differences between groups was performed using the Wilcoxon rank-sum test. A p-value < 0.05 was considered significant.
Results
The deformation properties of the considered tissues membrane were measured in uniaxial stress and in uniaxial strain configurations. This approach allows quantifying MAURI ET AL.
differences in the material response under the uniaxial or biaxial stress state. The mean tension-stretch curve of TEVG samples, the mean ovine-aorta curve and the mean ovinepulmonary artery curve are represented in Figure 2 . The results for the uniaxial stress configuration are displayed in circumferential (a) and longitudinal (b) directions. These curves show a significant nonlinearity at increasing tensions.
The results for the uniaxial strain configuration are reported in circumferential (c) and longitudinal (d) directions. In this biaxial stress state, the material response for small deformation is comparable to the one at larger loading levels, for the TEVG as well as for the native tissue. In the last graph (d), the region of the curve used for determining the tangent modulus is highlighted for the example of 100 mN/mm tension on the TEVG and the ovine aorta. As previously defined, the tangential stiffness parameters TM of the TEVG are evaluated at two different physiological tension levels, 100 and 19 mN/mm, corresponding, respectively, to the aorta and pulmonary artery expected mean physiological loading. Tangential moduli obtained in uniaxial stress and uniaxial strain configurations for TE and the native tissue are displayed in Figure 3 . The variability of the results among three grafts is within the standard deviation of the single graft. Therefore, all the TEVG samples are considered as a single group. Despite the variability of results typical of biological materials, the effect of the testing configurations on the deformation response results are significant ( p < 0.05) for all materials and in both directions (numerical values reported in Table 3 ).
The mechanical response is stiffer in the uniaxial stress configuration for all tested materials, when compared to uniaxial strain. For the TEVG configuration, the stiffness increases to a factor larger than 2, whereas, for the ovine native tissue, this factor is of approximately 1.5. TEVGs are stiffer than the ovine native tissue, but the difference is much lower if the materials are compared under a uniaxial strain configuration.
The anisotropy of the tissue is represented with the mean anisotropy factor, which is defined as TM circ /TM long of the different tissues (numerical values reported in Table 4 ). These factors are reported for the ovine native tissues and the human TEVG at the physiological tensions of 100 and 19 mN/mm. Additionally, the scaffold material is reported for the example of 100 mN/mm. It can be seen that the TEVG and the aortic tissue show larger (significant) anisotropy in the uniaxial stress as compared to the uniaxial strain configuration. The TEVG and the ovine artery have the same anisotropy direction (a stiffer longitudinal response). Instead, for the pulmonary artery, the anisotropy factor is near to one (i.e., a quasi-isotropic response). The same trend can be seen for the scaffold material: (1) PGA-P4HB is stiffer in the longitudinal direction and (2) the anisotropy factor is larger in the uniaxial stress configuration than in the uniaxial strain configuration.
Discussion
The present study focuses on the deformation behavior of a TEVG in a physiological range of mechanical loading. However, the data also provide information to evaluate the tissue reserve before rupture. During the uniaxial stress tests, TEVG samples achieved (circumferential) tension values at 
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rupture above 350 mN/mm. This tension is 3.5 times larger than the physiological value for the ovine aorta and 18.4 times larger for the pulmonary artery. It should be noted that the uniaxial stress configuration does not correspond to the physiological condition of loading and deformation, and leads to internal material reorganization, possibly with significant rearrangement of fiber's orientation. The uniaxial strain configuration is considered as more representative for evaluation of an in vivo mechanical performance. In this configuration, the samples achieved (circumferential) tensions above 240 mN/mm without rupture, generating a corresponding reserve factor larger than 2.4 and of 12.6 for the aorta and pulmonary artery, respectively. For this reason and based on the ovine model system, the TEVG is confirmed to safely withstand the in vivo situation.
A suitable scalar parameter has to be defined to compare the curves representing the deformation behavior of the different materials. The characterization of a material through the formulation of continuum model equations is more comprehensive, but complex; see, for example, Ehret et al. 23 Such models are necessary to predict the full threedimensional material response under different loading states. However, a well-chosen scalar parameter is sufficient for the purpose of the present work, to compare the stiffness of different tissues in a specific, physiologically relevant range of mechanical loading. Tangential modulus calculated at 100 mmHg. f Tangential modulus as slope of the four highest values of strain before failure. H, human; O, ovine; P, porcine; B, bovine; AA, abdominal aorta; ATA, ascending thoracic aorta; DTA, descending thoracic aorta; CoA, coronary artery; CA, carotid artery; IA, iliofemoral artery; MA, mammary artery; PA, pulmonary artery; EIA, external iliac artery; SFA, femoral artery; SV, saphenous vein; nr, not reported.
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In literature, different stiffness parameters can be found describing the tensile response of the vascular tissue. In uniaxial tests, the deformation curve of the vascular tissue can be approximated by two quasi-linear regions and a nonlinear elbow in the middle. Therefore, most authors describe the material stiffness with the slope of the quasi-linear regions measured in a tensile test. The initial material response is represented by the low strain modulus E 1 , whereas the response in the second quasi-linear region is described with the higher strain modulus E 2 .
24-27 Similarly, Groenink et al. 28 defined two tangential moduli, E elastin and E collagen , since they considered the initial stiffness (E 1 ) as purely a response of the elastin, and the stiffness of the second region (E 2 ) as a superposed reaction of elastin and collagen. Other groups define the stiffness of the material with a secant modulus at rupture 29 or at a given value of strain. 30, 31 Various stiffness parameters evaluated from inflation to burst tests are also reported in the literature. These parameters are based on model assumptions, which provide a good approximation of the complex stress-strain fields of the physical experiment, in particular, for small (infinitesimal) deformations. The main uncertainty concerns the level of longitudinal strains that is not directly measured nor properly controlled in burst experiments. For this reason, the deformation behavior of the material is not well characterized with this testing configuration. The uniaxial strain configuration proposed in this work leads to stress vectors in the direction of elongation with magnitude, approximately, two times the one of the stress vector in the perpendicular direction (with constrained lateral contraction). This factor of two corresponds to the expected ratio between circumferential and longitudinal loading in the blood vessel, see equation 1. In this sense, the uniaxial strain experiment with elongation in the circumferential direction best represents physiological conditions of mechanical loading.
To investigate the stiffness of the tissue-engineered and native vascular tissues, we chose a tangent modulus evaluated at the physiological tension value. This definition was selected because the physiological situation corresponds to a tension controlled (as opposed to deformation controlled) mechanical problem. In fact, loading results from the internal blood pressure. A tangent modulus was considered instead of a secant modulus for two reasons, (1) the tangent modulus describes the material response in the neighborhood of the physiological tension and, therefore, can represent well the in vivo mechanical response; (2) the possible horizontal shift of the curves associated with the definition of the initial reference configuration (determined by the test set-up and protocol) has much less influence on the tangent modulus than on the secant modulus. It should be noted that the reference configuration is also affected by the preconditioning protocol and might differ considerably in the two test configurations (uniaxial stress and uniaxial strain).
Our results for the TEVG are in general agreement with the stiffness parameters found in the literature for comparable materials, see Table 1 . The stiffness parameter of the TEVG evaluated with uniaxial stress at 100 mN/mm was converted in MPa under the (realistic) assumption of a thickness of 1.5 mm. In this case, E tg long correspond to 3.09 MPa and E tg circ to 2.17 MPa. The difference in the definition of these parameters and the ones reported in literature should be considered.
The mechanical response of the materials differs considerably between uniaxial stress and uniaxial strain configurations, as can be observed in the tension-stretch curves reported in Figure 2 . In the uniaxial strain configuration, the material is loaded in a physiological biaxial stress state, which generates a stable progressive increase of tension with deformation. Indeed, the deformation curves show an immediate initial response of the material and are less nonlinear at higher strains as compared to uniaxial stress curves. These differences in the mechanical response may be related to an internal fiber rearrangement under the uniaxial stress state. Reorientation of fibers is an important factor in the deformation response of the native tissue and was investigated by different groups. [32] [33] [34] [35] [36] In the uniaxial stress configuration, due to free lateral contraction, the fibers are free to realign in the loading direction, creating a nonphysiological additional stiffening effect for high tension. This phenomenon explains also why the material response under the uniaxial stress configuration consistently leads to higher stiffness values than the one under the uniaxial strain configuration, which is in contrast with the expectation for linear elastic isotropic and homogeneous materials.
The anisotropy of the TEVG was assessed with both testing configurations and for two tension values (100 and 19 mN/mm). As reported in Table 4 , the grafts showed a tendency to be stiffer in the longitudinal direction (significant only for the uniaxial stress configuration). The same anisotropy direction can be found in the PGA-P4HB scaffold, which is still present in the mature grafts. The anisotropy of the TEVG is expected to depend on the PGA-P4HB scaffold material anisotropy and/or the orientation of the biological tissue components in the pulsatile bioreactor. In fact, a larger compliance is consistently observed in the graft as well as in the ovine aorta in the circumferential direction, for both These factors are evaluated at the physiological tension values of 19 mN/mm for the ovine pulmonary arteries and of 100 mN/mm for the ovine aortas. The scaffold anisotropy is evaluated for the example of 100 mN/mm. The MAFs are reported for uniaxial stress and uniaxial strain configurations.
OA, ovine aorta; OPA, ovine pulmonary artery; TEVG, tissue-engineered vascular graft; PGA-P4HB, PGA scaffold with P4HB coating; UA, uniaxial.
testing configurations. This might be related to a more pronounced pulsatile deformation in the circumferential direction for these tissues at a loading level comparable to physiological conditions. In the longitudinal direction, larger stiffness of the material is important to avoid overstretch of vessels.
The anisotropy of the native vascular tissue depends on the anatomical region, as first reported by Cox. 37 Indeed, the native ovine aorta shows a clear anisotropy with a stiff longitudinal direction, while the ovine pulmonary artery seems to be isotropic. These results indicate an advantageous match in the stiffness direction between the TEVG and the native ovine aorta.
Due to the importance of the ovine model system (see section 2), it is relevant to compare the deformation behavior of the TEVGs with the ovine tissue. TEVGs are significantly stiffer than the ovine native tissue, especially for the pulmonary artery. The present data demonstrate that the differences between the tissue-engineered and native tissue is less pronounced, if the deformation response is considered at a physiological level of tension in a biaxial state of stress (uniaxial strain configuration), see Table 3 .
The human aorta is considerably stiffer when compared with the corresponding ovine tissue ( Table 2 ), so that the difference between compliance of native and engineered tissue is expected to be significantly overestimated in a comparison with ovine arteries. Future benchmark for optimization of the mechanical properties of TEVGs should be obtained through an artery-specific quantitative evaluation based on uniaxial strain experiments on human tissue. However, it is difficult to acquire a sufficient amount of representative healthy native human tissue for comprehensive characterization of the mechanical response.
The proposed protocol for mechanical characterization provides useful insights into the multiaxial deformation behavior of a TEVG and native tissue. The main limitations of the proposed experiments concern (1) the preconditioning protocol and (2) the control of environmental conditions during mechanical testing. (1) The mechanical parameters reported in this article were obtained after application of a preconditioning protocol involving 10 cycles between 0% and 10% of nominal strain in each experiment. This means that not all of the evaluated physiological loading ranges were covered by the preconditioning procedure. Tangent moduli are expected to be affected by preconditioning, although to a much lesser extent for uniaxial strain than for uniaxial stress configurations. Future protocols should include preconditioning over the whole physiological loading range. (2) Experiments should be performed in a liquid environment with the samples immersed in a physiological saline solution at 37°C. This was not the case in the present study. This omission might generate a (small) difference in the absolute value of the material stiffness, thus not significantly affecting the relative comparison of the material response in the two different testing configurations and directions.
The applied strain rate is low as compared to the physiological rate of deformation. The present results are, therefore, considered representative of the long-term response of the material. Future studies should include evaluation of time dependency in the deformation behavior of the TEVG. Future work should also consider the variability in multiaxial stiffness between TEVGs obtained from cells of different donors.
Conclusions
The TEVG and the ovine native tissue have been tested under the uniaxial stress and uniaxial strain configuration, in both the circumferential and the longitudinal directions. A physiological stiffness parameter has been defined to evaluate and compare the mechanical performance of TEVGs and of corresponding native tissues. The TEVG and the ovine aorta showed a stiffer longitudinal direction. The ovine pulmonary artery was found to have a quasi-isotropic response.
The tangential modulus is significantly ( p < 0.05) higher under the uniaxial stress configuration for all the analyzed tissues (TEVG, OA, and OPA) and in both directions (circumferential and longitudinal). Therefore, to assess the deformation behavior of a biological tissue, a physiologically relevant biaxial testing configuration should be preferred to conventional uniaxial tensile tests, which might induce internal nonphysiological fibers rearrangement.
